The surfaces of the moon, Mars, and that of some asteroids are covered with a layer of dust that may hinder robotic and human exploration missions. During the Apollo missions, for example, lunar dust caused a number of issues including vision obscuration, false instrument readings, contamination, and elevated temperatures. In fact, some equipment neared failure after only 75 hours on the lunar surface due to effects of lunar dust.
I. Introduction
The dusty environments of NASA's future planetary destinations will require careful consideration. Extraterrestrial dust has caused a number of issues in NASA's previous exploration missions. The unweathered lunar dust is extremely jagged from meteoritic bombardment over the millenia. The geometry of the lunar dust and its jagged edges accentuate dust adhesion to surfaces. Figure 1 displays a microscopic image of a lunar dust particle. Along with the jagged nature of the lunar dust, the moon's electrostatic environment is extremely complex and lends itself to dust adhesion. The day side of the lunar surface is charged slightly positive (10 V) due to the photoelectric effect, while the night side of the moon charges negatively on the order of kilovolts as a result of plasma electrons. 1 The cohesive properties of the lunar dust due to the electrostatic charge on the dust particles tend to make the lunar dust adhere to anything it contacts.
2 Figure 2 demonstrates typical dust adhesion experienced during Apollo missions. Experimental and observational evidence support that fine dust clouds are present on the moon and further lead to the dust deposition and dust adhesion issue for future explorers. Apollo 17 astronaut Gene Cernan noted a "horizon glow" near the lunar terminators that could be attributed to dust particles lofted high above the lunar surface. Recent measurements taken by the Lunar Dust Experiment on the Lunar Atmosphere and Dust Environment Explorer mission show a perpetual lunar dust cloud as a result of high-speed cometary dust particle impacts.
3 In addition, a controversial theory suggests that lunar surface electrostatic potential differences result in electrostatic dust levitation.
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Mars exploration missions also experience effects as a result of dust accumulation on spacecraft surfaces. Mars is known for local(>10 2 km 2 ), regional(>10 6 km 2 ), and global dust storms that lift dust particles into the atmosphere and redistribute them across the surface of the planet. The Mars Global Surveyor spacecraft detected 783 dust storms over a 297 day period, with 12 regional dust storms. No global dust storms were noted during this period. The average regional dust storm lasted 10 days and transported 10 9 kg of Martian dust. 6 Smaller disturbances, known as dust devils, have been observed with surface and orbital spacecraft. The Mars Exploration Rover, Spirit, observed 533 dust devils over a 278 day period and resulted in a calculated atmospheric dust loading of 19 kg km −2 sol −1 .
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Even during relatively inactive Martian dust storm periods, the Martian atmosphere is still full of micronsized dust particles that deposit on spacecraft. The Mars Exploration Rovers suffered from reduced power as a result of constant dust deposition from the ever present 1 µm to 2 µm radius dust particles in the Martian atmosphere. 8 The Mars Pathfinder mission, through the Materials Adherence Experiment and Sojourner solar array data, found a dust deposition rate of 0.28% coverage per day on spacecraft surfaces. 9 Stella et al. found that the Spirit rover experienced a nearly 20% degradation in solar panel performance over the first 120 sols as a result of dust deposition.
10 Figure 3 displays dust coverage on the solar array of Spirit. With current NASA exploration architecture requiring longer stays in these dusty environments than previous missions, a dust mitigation system is necessary. 
II. Electrodynamic Dust Shield
The Electrodynamic Dust Shield (EDS) employs electrostatic and dielectrophoretic forces to move particles across a surface. The EDS is created by embedding parallel high voltage electrodes into a high dielectric strength substrate in an interdigitated or spiral pattern. It is comprised of a series of conductive and insulative layers, designed to prevent electrical breakdown between the independent electrodes. It removes dust by energizing these independent embedded electrodes with independent high voltage waveforms that are out of phase from one another, thereby generating a traveling electric field wave.
11 Dust particles are observed to hop or slide across the surface as a result, as shown in Figure 4 . Sections A and B describe the forces generated by the EDS. 
A. Dielectrophoretic Force
Dielectrophoresis refers to the force experienced by an uncharged particle in a non-uniform electric field. Its applications span a wide spectrum of scientific and engineering fields, typically used to move or separate particles or cells in a fluid. For a homogeneous sphere with ohmic loss, time averaged dielectrophoresis is shown in Equation 1:
where ε m is the dielectric permittivity of the medium, R is the particle diameter, K is the Claussius-Mossotti function, ω is the angular frequency, and ∇E is the electric field gradient. The polarizability of a particle, which is dependent on electrical properties of the particle and the medium that surrounds it, plays a crucial role in dielectrophoresis. However, in extreme cases it may only be necessary to take into consideration the dielectric permittivity or the electrical conductivity of both the particle and the medium. To determine what properties are important, the product of the Maxwell-Wagner charge relaxation time and the frequency of the electric field must be considered. According to Jones, the Maxwell-Wagner charge relaxation time characterizes the decay of the dipolar distribution of the free charges on the surface of a sphere. Equation 2 displays the Maxwell-Wagner charge relaxation time, where ε denotes the dielectric permittivity and σ denotes the electrical conductivity and the subscript m and p denote the medium and particle, respectively.
Another function that must be considered is the Clausius Mossotti function. The Clausius-Mossotti function defines whether the particle in question experiences positive dielectrophoresis or negative dielectrophoresis. Positive dielectrophoresis indicates that particles are attracted to electric field intensity maxima and repelled from minima, while in negative dielectrophoresis the opposite effect is noted. Also, the strength of the dielectrophoretic force is dependent on the Clausius-Mossotti function, as shown in Equation 1. Equation 3 displays the frequency dependent form of the Clausius-Mossotti function, as discussed by Benguigui and Lin.
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When ωτ MW is much larger than one, only the dielectric permittivity of the particle and medium should be considered for the Clausius-Mossotti function. The angular frequency, ω = 20π rad/s is used as the high voltage waveform frequency for most EDS applications. 
An important aspect of the dielectrophoretic force is that it scales with the square of the voltage, V , and the inverse cube of the characteristic electrode length, L e , as shown in Equation 5 . As a result, a comparable force can be achieved with a significantly lower voltage by reducing the spacing between two adjacent electrodes.
B. Electrostatic Force
Unlike dielectrophoresis, the electrostatic force requires particle charge. The force is the product of particle charge, q, and the electric field that the particle experiences, E. Lunar dust particles are naturally charged due to the complex electrostatic environment. 1 However, they also become tribocharged, or charging due to rubbing, during rover or astronaut activity. In the event of uncharged dust deposited on an EDS, the dust can become charged through particle-particle or particle-EDS collisions as a result of motion caused by the dielectrophoretic force. When the EDS is activated, charged particles are relocated to regions of opposite charge electric field maximas.
A particle also experiences a force based on the charge of the surrounding particles and its own charge. The force is described by Coulomb's law given in Equation 6:
where k e is the electric constant, q is the charge of the particle in question, q i is the charge on a particle acting on the particle in question, and r i is the distance between the two particles. For the lunar environment, the viscous forces acting on each particle can be ignored due to the lack of a substantial atmosphere. The net force experienced by a particle when only considering the electrostatic force and force due to gravity was described by Calle et al., shown in Equation 7.
Some studies to simulate particle motion caused by the EDS have been conducted. For example, Liu and Marshall modeled particle transport for standing waves 17 and traveling waves. 18 In addition, Malnar et al. completed a 3D simulation of the dielectrophoretic force 19 and Green and Morgan looked specifically at a model for the dielectrophoretic force for interdigitated electrodes.
20 However, due to the complex nature of the forces in play with EDS activation, much of the EDS technology development has been driven by experimental results. The remaining sections describe the EDS development efforts carried out at Kennedy Space Center (KSC).
C. Types of Dust Shield
KSC has focused its efforts on four variations of the EDS, shown in Figure 5 . Each of these systems was developed as the direct result of findings from the Apollo mission reports, where astronauts noted a number of equipment issues caused by lunar dust. The Apollo astronauts noted issues with elevated temperatures on equipment as a result of dust coverage. 21 The copper/Kapton configuration is designed to be coated with thermal paint and attached to spacecraft thermal radiators. The silver/fluorinated ethylene propylene (FEP) shields were also developed for thermal radiators but do not require thermal paint. A carbon nanotube/fabric configuration was developed for space suits, where astronauts noted substantial dust adhesion. 22 Apollo astronauts also noted that visors and other optical equipment were scarred as a result of the abrasive lunar dust. 23 The transparent indium tin oxide (ITO)/glass configuration was developed to protect these systems. (Figure 5a ) shields. In the one independent electrode (single-phase) configuration, a standing wave is created, as opposed to the traveling wave discussed in Section A. For two independent electrode (2-phase) shields, the high voltage signals sent to the shield are 180 degrees out of phase with one another such that when one electrode is activated the other is not. In the three independent electrode (3-phase) configuration, the three high voltage signals are 120 degrees out of phase from one another.
D. Previous Electrostatic Dust Shield Testing

Solar Panel Testing
One space application for the EDS is to remove dust from spacecraft solar panels on the surface of the moon, Mars, or asteroids. Calle et al. quantified EDS dust clearing ability on solar panels to show feasibility for this application. The ITO/glass version of the EDS was placed over commercially available 25 cm 2 solar panels to quantify performance. The shields were tested in a vacuum chamber at 1 mPa using 50 µm to 75 µm diameter JSC-1A simulated lunar dust particles. Four ITO electrode configurations were tested in this experiment: with adjacent electrode gaps ranging from 0.48 mm to 0.67 mm When 20 mg of dust was deposited on each of the dust shields, each solar panel dropped to about 20% of the its initial output voltage. Upon EDS activation, each solar panel returned to at least 90% of its original output voltage within two minutes, with all shields returning to at least 98% of their original voltage output after 30 minutes.
16 Figure 6 shows the results from this test. 
Reflectance Spectra Testing
Another application of the EDS is protecting thermal radiators. Thermal radiators are designed to regulate temperatures on spacecraft by rejecting heat into space. When the radiators become dirty as a result of dust deposition, they are not able to effectively reject heat. Two types of dust shield were created to protect thermal radiators from dust. The copper/Kapton configuration is painted with a white thermal paint to reflect sunlight from spacecraft, while the reflective properties of the the silver/FEP or aluminum/FEP shield reflects sunlight without the need for a thermal paint. To test the effectiveness of these two types of EDS, Calle et al. tested the reflective properties of the dust shield in the following configurations: copper/Kapton painted with AZ-93 thermal paint, silver/FEP and aluminum/FEP. In a vacuum chamber at 1 mPa , 50 mg of dust was deposited on each of the previously described dust shields. A UV-Visible-Near Infrared spectrophotometer was used to gather reflectance data with pristine EDS samples and after the deposited dust was removed. All shields returned to 96-99% of their initial reflectance after dust shield activation, shown in Figure 7 . 
Desert RATS
To demonstrate the scalability of the Electrodynamic Dust Shield, large panels were fabricated and tested on the Habitat Demonstration Unit (HDU) at the annual Desert Research and Technology Study (Desert RATS) event. Two types of large scale EDS were created for this test: a 20 cm diameter transparent and flexible circular EDS made with ITO and polyethylene terephthalate film and a 20 cm × 20 cm copper and Kapton configuration. In each case, the electrodes were laid out in a 2-phase design. Two of the copper/kapton shields were painted with A-276 thermal paint and two were left unpainted. One painted and one unpainted copper/Kapton shield were coated with a super-hydrophobic Lotus coating developed by Goddard Space Flight Center. 24 The transparent EDS was placed over the Pressurized Excursion Module viewport. 
III. Flight Opportunities
A. MISSE
The harsh thermal and radiation environment of space can cause degradation or failure. For example, during Hubble Servicing Mission 2 astronauts noted severe degradation of the multilayer insulation on the Hubble Space Telescope due to electron, proton, ultraviolet, and x-ray radiation as well as effects of thermal cycling. 27 A number of payloads have been developed to better understand how materials and systems respond in the space environment. The results from these tests, such as the Materials International Space Station Experiment (MISSE), are used to further understand how materials respond and to develop materials and systems for future space exploration. MISSE is designed to attach to the exterior of the ISS and is used to test the effects of atomic oxygen, ultraviolet rays, radiation, vacuum, thermal cycling, and micrometeroids on current and future materials used in space exploration.
28 MISSE offers a number of payload orientations to accommodate individual experiment needs. For example, to simulate the radiation environment on the moon, an experiment can be placed in the aft-facing, or wake, position.
In early 2017, the EDS will fly on MISSE-10 to verify that the multilayer shield design can survive and operate in space. The radiation environment in the wake orientation, where the EDS experiment will be located on the MISSE-10 payload, will roughly simulate what can be expected on the lunar surface. The current mission concept is to activate a copper/Kapton and ITO/glass shield with high voltage pulses and acquire data from the power supply on overall system performance. A large spike in current while the EDS is operating will indicate material breakdown. In addition, photos of the EDS panels will allow researchers to obtain a visual representation of panel health.
B. Lunar CATALYST
NASA's Lunar Cargo and Transportation and Landing by Soft Touchdown (Lunar CATALYST) initiative provides a means for NASA to provide technical expertise, test facilities and loan equipment or software for spacecraft development and testing on a no funds exchanged basis. Three U.S. companies were selected for partnership agreements with the agency: Astrobotic Technology, Inc., Masten Space Systems, Inc., and Moon Express, Inc. The intent of the partnerships is to advance commercial lunar lander capabilities and science and exploration missions of interest to NASA and academia.
In anticipation of the CATLALYST partners having an interest in the EDS technology, NASA is developing a system capable of operating on the surface of the moon. Smaller electronics, 500 g and 350 cm 3 are currently being developed to survive the harsh lunar environment. Of particular concern is the lunar surface temperature. Lunar surface equatorial temperatures reach 400 K, while nighttime temperatures have been known to drop below 100 K. In fact, some permanently shadowed regions of the lunar surface have a maximum surface temperature of just 30 K.
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One challenge in the Lunar CATALYST EDS development is a lack of environmental and operational requirements, since the unit is being developed proactively with the anticipation of one of the CATALYST partners requesting the technology during their development effort. Of particular concern is the survivability of the EDS with the elevated temperatures experienced on the lunar surface. It is impractical to develop a system to operate throughout the full range of temperatures at different locations on the moon. However, designing a system to survive at a given lunar location is possible. In March 2014, the NASA CATALYST partner Astrobotic Technologies, Inc. announced that its first landing location would be at Lacus Mortis, a region of the moon at roughly 45 degrees N lunar latitude. The NASA EDS development team is currently using this destination in the payloads preliminary design.
The current mission concept is to place the EDS shields and all supporting electronics on the footpad of a CATALYST partner lunar lander. It is expected that lunar dust will accumulate on the EDS through exhaust plume effects when the spacecraft is preparing to land on the lunar surface and also through operational activities by the lander or rover on the surface of the moon. To verify that the dust shield successfully operates, it is anticipated that photos of the EDS before and after dust clearing will be taken by the spacecraft.
